In order to reveal the relationship between rotor-stator interaction-induced unsteady flow and the shaft vibration of the mixedflow pump, PIV (particle image velocimetry) and axis orbit experiments were carried out synchronously in a mixed-flow pump under designed flow rate (1.0Q des ) and the partial load conditions (0.4Q des and 0.2Q des ). e distribution of the relative velocity and the vorticity in the rotor-stator interaction region at a certain position of the mixed-flow pump impeller was captured; the axis orbit diagram and the time-domain diagram of shaft system were acquired as well. Besides, the waterfall diagrams of the frequency spectrum under different flow rate conditions were compared. e results show that the backflow and the flow separation phenomenon appear in the rotor-stator interaction flow field under the partial load condition, indicating the flow instability. e medium-frequency exciting force and high-frequency exciting force induced by these unstable flows resulting from the rotorstator interaction are the main factors to intensify the shaft vibration at the power frequency. e rotor-stator interaction under partial load condition is the main reason for the deterioration of shaft system vibration. e 2X frequency also affects the axis orbit in a low level, while other frequencies have less influence on the shaft vibration. e research results can provide the reference and theory instruction for revealing the operating characteristic of mixed-flow pump when it operates under partial load conditions and to reduce or to prevent the deterioration of vibration of shaft system.
Introduction
e mixed-flow pump is widely used in fields such as agricultural irrigation, urban water supply, thermal and nuclear power plants, and so on. Due to the diversity of operating conditions and the change of the system load, the mixed-flow pump often operates at off-design conditions. Working at off-design conditions especially at small flow discharges, the internal flow of the mixed-flow pump becomes more complicated, with the appearance of the backflow and flow separations [1] [2] [3] . ese unsteady flows bring negative effect to the operating pump, and the most obvious impact is the increase on the shaft system vibration and the periodical radical and axial forces [4] [5] [6] [7] . At some extreme situations, the entire pump unit would break down as a result of the resonance [8] [9] [10] . So, lots of the literatures about the vibration of the pump operating at various flow rate conditions are reported in order to enhance the operational stability or reduce the vibration of the mixed-flow pump shaft system. Wang et al. [11] studied the pressure fluctuation and vibration in mixed-flow pumps, and the results show that the peak value of pressure fluctuation decreased gradually with the increase of flow rate and the vibration frequency occurred at shaft frequency and its multiple shaft frequency. van Esch et al. [12] [13] [14] researched the relation between the instability and the unsteady hydraulic forces in order to attenuate the vibration resulting from the rotating stall and unstable operation. Gros et al. [15, 16] conducted researches on the hydrodynamic instabilities of a centrifugal pump concerning part-load operating points. An unstable characteristic appeared at part load, and also the consequence is an unstable local head drop of the performance curve and the singularity exhibits a positive slope in the decreasing performance curve. Ding et al. [17] found the recirculation generated in the suction pipe and the reverse flow occurred in the impeller passages when the pump runs at low flow rates, making the total efficiency deviating from the design condition. Zhou et al. [18] captured vertical flow and recirculation flow patterns in a compact return diffuser under strong part-load conditions, and at the same time, large flow separation and backflow were found numerically and experimentally under the partload flow conditions. Tan et al. [19] investigated the unsteady flows in a centrifugal pump volute at noncavitation and cavitation under part-load condition. It showed that, under cavitation conditions, the flow field in pump volute was with large pressure gradient and intensive vortex movement. Pedersen et al. [20, 21] detected the large recirculation cell blocking the inlet to the stalled passage, while the strong relative eddy dominated the remaining parts of the passage by means of particle image velocimetry (PIV) and laser Doppler velocimetry (LDV) measurements in a six-bladed shrouded centrifugal pump impeller at design and off-design conditions. In the previous published papers [22] , based on the numerical calculation and experiment, the vibration characteristics of the impeller at multiconditions in mixedflow pump under the action of fluid-structure interaction were investigated in depth. However, the generation of the unsteady flow is more under the part-load condition, and other factors also take great impacts.
It is well known that, due to the special structure of the mixed-flow pump, there is a gap between the impeller and guide vane blade. e flow in the gap region shows severely unsteady feature as the result that the impeller is rotating while the guide vane is stationary when the pump is operating. In addition, the unsteady flow characteristic would cause strong pulsating force of significant size on both the impeller and guide vanes. And this phenomenon is called the rotor-stator interaction of flow in the mixed-flow pump.
us, except for the unsteady flow of the pump when pump operates at partial load condition, the periodic instability caused by the internal rotor-stator interaction further deteriorates the flow field and operation condition. Even though the unsteady flow feature that results from partial load condition has been investigated deeply in the turbomachinery, compressor, and fan [23] [24] [25] , there are few reports about the rotor-stator interaction or the shaft system vibration caused by the rotor-stator interaction of the mixed-flow pump under the circumstance of partial load condition, and the relationship between the shaft vibration and rotor-stator interaction flow is also not revealed. Many scholars just focus on the hydrodynamic instabilities caused by unsteady characteristic of rotor-stator interaction flow or the energy loss of the pump running at partial load condition. For instance, Rodriquez et al. [26] theoretically studied the onset of vibrations by rotor-stator interaction based on a blade encounter model, and the frequency of vibration and the whirl direction of the force on the impeller were assessed for different combinations of rotor and stator blades. Dring et al. [27] divided the rotor-stator interaction into two mechanisms: potential flow interaction and wake interaction, and both of the interactions will occur and influence each other if the gap between the impeller blades and guide vanes is in a certain scale. Tsukamoto et al. [28] [29] [30] researched the rotor-stator interaction in a diffuser pump with the vortex method and pressure fluctuation measurement, and unsteady hydrodynamic forces excited by the interaction between the impeller and the vaned diffuser with the same number of vanes as impeller were studied as well. Zhang et al. [31] used CFD method to study pressure pulsation induced by rotor-stator interaction of a general mixed-flow pump.
ey found the vortex shedding or backflow from the impeller blade exit has the same frequency as pressure pulsation, but there are phase differences.
Nevertheless, the above research work did not associate the rotor-stator interaction between the impeller and diffuser with the operating condition of a pump, especially of a mixed-flow pump. erefore, in order to get some knowledge of the relationship between the shaft vibration and internal unsteady flow coming from the influence of rotor-stator interaction and change of flow rate conditions, the axis orbit and particle image velocimetry (PIV) measurements of a mixed-flow pump were conducted under partial flow rate condition in this paper. Not only the vibration of shaft system could be got hold of accurately but also the vibration deterioration induced by the hydraulic force under partial flow rate condition could be prevented. us, based on the PIV technology, the rotor-stator interaction flow fields of mixed-flow pump are measured under the design flow rate condition and the two low flow rate conditions. At the same time, based on the Bentley 408 data acquisition system, the axis orbit of mixed-flow pump is synchronously acquired. By analyzing the internal flow characteristics of the mixed-flow pump and the time-domain diagram and frequency spectrum of axis orbit under the partial flow rate condition, the mechanism of the shaft vibration induced by the rotor-stator interaction under partial flow rate condition is revealed. Also, the changing law of the axis orbit under the partial flow rate condition is discussed which would provide the theoretical foundation for reducing or preventing the deterioration of vibration of mixed-flow pump.
Research Object

Experimental Model.
e model of the mixed-flow pump in this study is shown in Figure 1 . Figure 1(a) shows the impeller of the mixed-flow pump and the hub and blades are painted with black pigment. Figure 1(b) shows the impeller chamber wrapping the impeller and guide vane, which was made of transparency poly methyl methacrylate and its refractive index is close to the water in order to observe clearly.
e parameters of the mixed-flow pump model are illustrated in Table 1 .
e design flow rate Q des � 380 m 3 /h, head H des � 6 m, rotating speed n des � 1450 r/min, specific speed n s � 480, the number of impeller blades Z � 4, the tip clearance t � 0.5 mm, and the number of guide vane blades Z g � 7.
Experiments
General Energy Performance Measurement.
e experimental measurements were conducted on a 250-caliber closed mixed-flow pump test bench in Research Center of Fluid Machinery Engineering and Technology, Jiangsu University. e test bench meets the accuracy requirement of first class, and the experiment equipment is shown in Figure 2 . e energy performance parameters of the model pumps are measured by different devices. e ZJ-type instrument produced by Shanghai-standard Intelligent Terminal Co. Ltd., with precision 0.2, was used for the torque and the tachometric measurement. e LWGY-type turbine flowmeter produced by Shanghai ZiYiJiu Automatic Instrumentation Co. Ltd., with precision 0.5, was set in the system to measure the flow rate. Besides, the MPM-type pressure sensor produced by Mike Co. Ltd., with 0.5% FS precision, was equipped at the inlet and outlet of the mixed pump to measure the flow rate. Finally, the HSJ-2010 hydraulic Machinery tester was used to acquire experimental data from the abovementioned sensors, and all the signals were then transported from HSJ-2010 hydraulic Machinery to the computer.
In the beginning of the experiment, the opening degree of inlet and outlet valves in test pipe was adjusted to the maximum and then turned on the HSJ-2010 hydraulic machinery tester and adjusted the software to record data. After that, the motor is turned on and the outlet valve opening degree was gradually reduced to make sure that the reading of flowmeter is stable at 1.0Q des (380 m 3 /h) and the rotating speed of mixed-flow pump can stabilize at 1450 r/min. e energy performance parameters are recorded, respectively. After collecting enough data, the power and the units are shut off. e next experiment is conducted after the fluid in the pipeline becomes steady again. In order to get the data in the experiment of partial flow rate condition, the experimental data at 0.4Q des (Q � 152 m 3 /h) and 0.2Q des (Q � 76 m 3 /h) are measured, respectively, and the experimental stages are the same as abovementioned.
PIV Measurement of Rotor-Stator Interaction Flow Field.
e PIV measurement in rotor-stator interaction flow field of mixed-flow pump is conducted in the process of energy performance test. As the testing results are primarily influenced by the calibration accuracy in PIV test, in order to improve the test accuracy and to avoid troubles in disassembly of the pump, a calibration tank was used for calibrations of the PIV tests. As shown in Figure 3 , a tank with the same shape and size is made for calibration. e tank was open on the top for the purpose of filling water and placing the ruler. Before the test, the following procedures were operated. As shown in Figure 3 (a), the calibration tank was adjusted horizontally after it had been placed on a fixed bracket at the beginning. e leveling instrument makes sure the inlet and outlet of the calibration tank vertical to the ground. e external side of the camera for the tank was thereafter adjusted to the vertical plane of the surface of the impeller chamber located on the same side. In the following, as shown in Figure 3 (b), the leveling instrument was placed on the top surface of a base with the same curvature as the calibration tank. e end surface of the leveling instrument containing scales was then adjusted in accordance with the shooting plane. e camera was finally moved in the same horizontal plane as the leveling instrument. During the PIV measurement, the experimental apparatus was mainly composed of TSI's US commercial PIV system. e major apparatus and system include YAG200-NML-type pulse laser, PIV specialized 630059POWER-VIEW 4MP-type cross-frame CCD camera, 610035-type synchronous control system, 610015-SOL optical arm and light sheet system, image acquisition and analysis software Insight 3G, and so on.
e high-quality solid aluminum oxide was selected as tracer particles for its relatively better fluid following quality, a particle with 20 μm-60 μm diameter and a density of 1050 kg/m 3 . e concentration and distribution of the tracer particles in the fluid are good enough to meet the requirements to obtain the image information of flow field, as shown in Figure 4 . e zone marked with yellow line is the rotor-stator shooting section, and the impeller blade and guide vane are also shown in Figure 4 . To make the shooting section of the flow field area big enough, the largest rotor-stator shooting section is chosen as the shooting plane when the impeller rotates at a certain phase angle.
e sketch map of the shooting section is shown in Figure 5 , and the layout of the PIV experimental test is also shown in Figure 5 .
In the shooting process, the frame number of the images is set as 500. After shooting was completed, self-correlation processing is conducted on the 500 frame images of tracer particles absolute velocity field by the Insight 3G software.
e instantaneous relative velocity vector of each image is obtained and then imported into TECPLOT software to conduct the calculation processing for the relative velocity field and other fields in each instantaneous flow. e Shock and Vibration requirements and experimental procedures of the PIV experiment are shown in [32] .
Vibration Measurement of Shaft System of Mixed-Flow
Pump. Similarly, the shaft vibration measurement of mixedflow pump is also conducted synchronously with the energy performance test. e shaft vibration signal of mixed-flow pump under the partial flow rate condition is collected by the Bentley 408 data acquisition system which is composed of the 408 dynamic signal processing equipment and the ADRE Sxp software. e 3300 XL 8 mm eddy current displacement sensor used in this experiment consists of eddy current probe, preamplifier, and extension cord. e diameter of the eddy current probe is 8 mm and its type is 330130-040. e type of the preamplifier is 330180-50 and the length of extension cable is 4 m. e 45# steel was used as the calibration object. e sensor gap voltage is −10 V, the sensitivity of the 45# steel is 7.87 V/mm, and the measurement range is from −2 mm to +2 mm. e sensor should be installed in linear midpoint to make sure that the absolute value of the extreme measurement value to be the same. During the measurement process, as the rotation error of mixed-flow pump rotor is larger than the roundness error, the shape error of the rotor shaft can be ignored. e method used in this experiment to monitor the vibration situation of rotor is a two-way dynamic measurement method, which is mentioned in [33] . e data collection and detection system were connected according to the requirement of the experiment, and the monitor points are set near the side where the coupling and motor are connected. e eddy current displacement sensor and keyphasor transducer are also installed correctly according to the requirement. en, all the facilities are connected to the 408 dynamic signal processing equipment. e two eddy current displacement sensors are installed vertical to each other, and the distance between the probe and rotor shaft in eddy current displacement sensor is 1 mm. e keyphasor is installed 5 mm away from the reflective sheeting attached in the rotor shaft and kept vertical to the shaft. e axis orbit measurement and test arrangement are shown in Figure 6 .
Results and Analysis
Results of Energy Performance Test.
ree trials of energy performance test of mixed-flow pump model were preceded, and the mean external characteristic parameters of mixedflow pump acquired in the experiment are shown in Table 2 . It can be seen that the inlet pressure and outlet pressure increase with the decrease of the flow rate. Also, the absolute value of pressure difference between the inlet and outlet increases, namely, the pump head increases when the flow rate decreases. Meanwhile, some small extent of increase of the torque and shaft power also emerges with the decrease of the flow rate, which indicates that the hydraulic load increases with the decrease of the flow rate.
Analysis of PIV Experiment Results.
Within this section, the comparative analysis of the distribution of the relative velocity and the vorticity was conducted at the outlet zone of the impeller when the flow rate condition is 1.0Q des or at the small flow rate condition of 0.4Q des , 0.2Q des .
It can be seen from Figures 7 and 8 , when the mixed-flow pump operates at the designed condition, the flow loss in the mixed-flow pump is at a low level and the streamlines in the shooting section appeared oblique outflow trend. However, due to the influence of the leakage flow on the front blade rim and the flow separation on the blade surface, some vortex structures exist within a small zone near the end wall of the impeller outlet and the hub surface. Meanwhile, as shown in the vorticity field (Figure 8 ), the strength of vortex core is not very high at the design flow rate condition, which indicates that the limited impact on the flow field and the influence of the vortex structure are not intensive.
us, from the streamlines trend and the vortex region, it can be known that the rotor-stator interaction between the impeller and guide vane did not affect the flow field as much as the Shock and Vibrationleakage flow or the geometry of the impeller and guide vane blade. When the mixed-flow pump operates at the partial flow rate condition, the flow loss increases obviously in the mixed-flow pump and the flow instability also increases significantly. Compared with the design flow rate condition, the fluid velocity increases near the end wall area and the streamlines are in a mass within the interference zone between the impeller outlet and the guide vane inlet at 0.4Q des . e backflow phenomenon happens obviously at the position of guide vane inlet. From the vorticity field, the vortex intensity is relatively high, while the swirling direction is adverse near the end wall of guide vane inlet and the hub surface. At 0.2Q des , the flow instability further increases, the backflow at the position of guide vane inlet becomes more obvious, and the impact area enlarges evidently. At the same time, the vorticity value rises near the end wall and the hub surface of the impeller outlet. Comparing the three load conditions, it can be found that the negative vorticity center near the hub moves away from the hub surface and is much closer to the impeller outlet. Oppositely, the positive vorticity center moves from the impeller outlet to the guide vane inlet. ose flow characteristics represent the instability in the rotor-stator interaction zones, while the secondary flow and backflow are further intensified with the drop of the flow rate. Overall, differing from the design flow rate condition, at the partial flow rate condition, the flow instability increases and the backflow phenomenon happens obviously at the position of guide vane inlet. Meanwhile, negative vorticity with high value appears near the position of hub surface. Consequently, the rotor-stator interaction between the impeller and guide vane under the partial flow rate conditions is obvious. In addition, with the reduction of the flow rate, the strength of the rotor-stator interaction increases which is implied by the interaction flow field. It is also well known that the flow instability often happens in accompany with the vibration and noise. e generated fluid excited vibration would have a harmful impact on the stable operation of the shaft system. erefore, it is meaningful and necessary to do some research to link the shaft vibration to the rotor-stator interaction at the partial flow rate condition.
Analysis of Axis Orbit Experiment Results
Time Domain of Original Rotor Axis Orbit.
e shaft vibration of the mixed-flow pump could be reflected by the axis orbit diagram combined by the two direction signals that are mutually perpendicular. e faults of the mixed-flow pump can be detected by analyzing the data that is processed from the original axis orbit signals using special method. In this paper, in the process for filtering and purifying the original axis orbit waveform, the Butterworth band-pass filter, integrated in the ADRE Sxp software, is chosen to purify the original axis orbit signal. e characteristics of the Butterworth filter are that the frequency response in the pass band is uttermost flat and has no ups and downs, which gradually decreases to zero in the suppressed frequency band.
e original axis orbit diagram of the mixed-flow pump rotor and its time-domain diagram acquired within 0.15 s at 1.0Q des , 0.4Q des , and 0.2Q des are demonstrated in Figure 9 .
It can be found that the original axis orbits at different flow rate conditions are not smooth and integral circles but in the shape like number "8" with zigzagged sharp corners. According to fault diagnosis literatures of rotating machinery [34] [35] [36] [37] [38] , this characteristic indicates that the typical misalignment fault exists in the rotor shaft of the mixed-flow pump during the operation. As the monitor position is closed to the bearing, the most possible reason can be that the rotor and the bearing are out of tolerance during centering. e original axis orbit always accompanies with the constantly changing zigzagged sharp corners, namely, the "burrs" are quite more, which reflects that friction inevitably exists between the rotor and the shaft-bearing pair or some other high-order harmonics components such as the hydraulic vibration and noise in the pump have a great influence on the axis orbit. As the flow rate decreases, the zigzagged sharp corners become bigger resulting from the Shock and Vibrationsevere rotor-stator interaction under partial flow rate conditions, which leads to more adverse effects. Moreover, from time-domain diagram of the original axis orbit in X direction and Y direction, it can be found that the time-domain diagram of the axis orbit in X direction is aberrant sinusoidal wave, on which the secondary peaks present at the mains frequency, while the time-domain diagram of the axis orbit in Y direction is aberrant cosine wave and the phase difference between the X direction and Y direction of the axis orbit time-domain diagram is exactly 1/4 cycle. Comparing the time-domain diagram at three flow rate conditions, it could be found that the rotor-stator interaction under the partial flow rate condition is the most important influencing factor of the chaotic axis orbit and the high fluctuation amplitude, but that is relatively low under the design flow rate condition. In the changing process from the design flow rate condition to 0.2Q des , the peak value of the time-domain diagram in X direction and Y direction keeps increasing with the decrease of the flow rate. Accordingly, the amplitude value of the compounded axis orbit is always increasing which indicates that the vibration of the shaft system deteriorates when the operating point of mixed-flow pump moves to the partial load condition. It is corresponded to the experience-based judgment that the rotor system would lose stability easily when the pump operates under the partial load condition.
1X Frequency Axis Orbit and Its Time-Domain
Diagram. After the decomposition and purification, the 1X frequency of the axis orbit and its time-domain diagram were obtained. As shown in Figure 10 , the interference from the ultrahigh harmonic signal such as the noise and electromagnetic are ruled out in the original signal of the axis orbit. It can be found from the 1X frequency axis orbit after purification that the shape of the 1X frequency the axis orbit under three flow rate conditions is approximate to a circle and the circle is drawn in a counterclockwise direction, which is on the contrary of the rotor rotation direction. According to previous studies [39] [40] [41] [42] , it can be judged that the difference of the bearing stiffness in different directions is very small, and the influence of the bearing factor on a frequency doubling can be neglected. Meanwhile, it can be judged that the mixed-flow pump has the counterclockwise arc-shaped rotary motion in the operating process, namely, the rotor exists the power frequency vibration caused by the unbalance of the rotor. As the flow rate decreases, the profile of the axis orbit varies from small to large and the peak value of the 1X frequency waveform in the X direction and Y direction gradually increases. All indicate that the power frequency vibration caused by rotor unbalance increases with the decrease of the flow rate condition, and the peak value of shaft system vibration of the power frequency occurs at 0.2Q des . In the X direction, the amplitude of the fluctuation at 0.2Q des increases by 25.4% compared to that at design flow rate point. In the Y direction, the amplitude of the fluctuation at 0.2Q des increases by 21.3% compared to that at the design flow rate point. e amplitude of fluctuations at 0.2Q des increase almost 0.2 times compared to that at the design flow rate point. us, when the flow rate condition drops down to a partial flow rate condition, the abovementioned recirculation, secondary flow, and other different scale vortex will appear inside the rotor-stator interaction field of the mixed-flow pump, the mediumfrequency and high-frequency exciting force induced by these unstable flow may be main reasons for the deterioration of shaft system vibration at the power frequency. erefore, in order to improve the reliability of the shaft system and the 8 Shock and Vibration pump life span, the mixed-flow pump should avoid running in small flow rate conditions.
Analysis of Axis Orbit Frequency Spectrum.
e frequency spectrum of the axis orbit in the X direction and Y direction at 1.0Q des , 0.4Q des , and 0.2Q des is plotted, which is shown in Figure 11 . e rated speed n des of the mixed-flow pump is 1450 r/min, so its rotating frequency f is 24.17 Hz. It can be seen from Figure 11 that the energy concentration in the frequency spectrum indicates the 1X frequency and the 2X frequency of the axis orbit occupying the main vibration energy while the triple and quadruple frequency share little. Comparing the frequency spectrum distribution at different flow rate conditions, the amplitudes of 1X frequency show more differences, while the amplitudes of 2X frequency are slightly different, and the amplitudes of other frequencies have little difference. Under the three operating conditions, the amplitude of the 1X frequency and the 2X frequency is the smallest at 1.0Q des , but the amplitude of the 1X frequency and the 2X frequency is increasing constantly with the decrease of the flow rate. At 0.2Q des , the amplitude of the 1X frequency and the 2X frequency is largest. e 1X frequency characterizes the dynamic unbalance of the shaft system, while the 2X frequency represents the misalignment of the rotor. It could be known that, with the decrease of the flow rate, the unbalance of the shaft system of the mixed-flow pump increases, which leads to the increase of the vibration amplitude of the shaft system, especially the vibration of the shaft system influenced obviously by the rotor-stator interaction under the partial load conditions. At the same time, the degree of misalignment of the shaft system also increases with the decrease of the flow rate conditions. e results show that the growth of the flow rate makes the radial offset and misalignment of the shaft system increase, and also the vibration increases.
e rotor-stator interaction under partial load condition is the main reason for the deterioration of shaft system vibration, and the 2X frequency also affects the axis orbit in a low level, while other frequencies have less influence on the shaft vibration. e contribution of imbalance and misalignment to shaft vibration is significant under low flow rate condition.
Conclusions
In order to get hold of the relationship between the rotorstator interaction and the shaft system vibration, the PIV experiment and axis orbit collection of a mixed-flow pump model were carried out under the design flow rate condition and the partial load conditions. e flow fields in the impeller interaction zones were developed based on the PIV technology, and the shaft vibration was measured using the Bentley 408 data acquisition system. In addition, the shaft movements induced by the unsteady rotor-stator interaction flow fields are related to the axis orbit of mixed-flow pump leading to the following conclusions:
Under the partial load conditions, the secondary flow such as the backflow, flow separation, and the unsteady flow of vortexes at various scales appear in the rotor-stator interaction flow field of the mixed-flow pump.
us, the medium-frequency exciting force and high-frequency exciting force induced by these unstable flows resulting from the rotor-stator interaction are the main factors to worsen the shaft vibration at the power frequency, which causes the imbalance of the shaft system increasing and the rise on the level of the shaft vibration. In order to improve the reliability of the shaft system and life expectancy, the mixed-flow pump should be avoided to operate under the partial load conditions.
e axis orbit frequency domain shows that the radial offset and misalignment of the shaft system increase under the partial load conditions, which means the vibration of the shaft system increases seriously. In addition, the rotor-stator interaction under partial load condition is the main reason for the deterioration of shaft system vibration. Even though the 2X frequency also affects the axis orbit, its strength is in a low level and other frequencies have less influence on the shaft vibration.
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